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Pseudomonas aeruginosa is a ubiquitous bacterium capable of twitching, swimming, and swarming motility.
In this study, we present evidence that P. aeruginosa has two flagellar stators, conserved in all pseudomonads
as well as some other gram-negative bacteria. Either stator is sufficient for swimming, but both are necessary
for swarming motility under most of the conditions tested, suggesting that these two stators may have different

roles in these two types of motility.

The opportunistic human pathogen Pseudomonas aeruginosa
is a gram-negative rod that lives in a variety of soil and aqueous
environments. This bacterium is capable of three different
types of motility mediated by either its polar monotrichous
flagellum or type IV pili (TFP) (for a review, see reference 19).
Twitching motility is thought to be the result of the extension
and retraction of the pilus filament, which propels the cell
along a solid surface (22, 23, 41). P. aeruginosa is also able to
swim in aqueous environments, propelled by its polar flagel-
lum. In a semisolid environment (e.g., a hydrated gel or mu-
cus), the cells are believed to switch from swimming to swarm-
ing motility (16, 20, 22). Swarming motility requires the
flagellum as well as the production of rhamnolipid surfactants,
which are thought to reduce friction between the cell and the
surface over which it moves (31, 45). In contrast to other
swarming organisms, there is no evidence that P. aeruginosa
changes cell morphology and produces lateral flagella when
swarming (31, 45).

The bacterial flagellum is powered by a transmembrane pro-
ton gradient (3, 36), or in some cases by a sodium ion gradient
(24). The flagellar motor, studied extensively in the closely
related enteric organisms Escherichia coli and Salmonella en-
terica serovar Typhimurium, is responsible for translating the
energy of the ion gradient into the physical rotation of the
flagellum (33, 49, 50, 52). In E. coli, the flagellar motor can be
divided in two substructures. The rotor is composed of the
FliG, FliM, and FliN proteins and acts as a switch, determining
the clockwise or counterclockwise rotation of the flagellum
(15, 29). The second structure is the stator (the stationary
component of the motor within which the rotor turns), which is
composed of two integral membrane proteins, MotA and
MotB, which form a complex with a ratio of four MotA to two
MotB proteins (7, 32). Strains lacking MotA and/or MotB are
capable of making a flagellum, but this organelle is unable to
rotate (10, 12, 13). MotA has four transmembrane domains,
whereas MotB has one transmembrane domain as well as a
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peptidoglycan-binding motif at its C terminus (9-11, 51). The
MotAB complex is believed to conduct protons across the
inner membrane and couples this proton transport to rotation
of the motor (3, 33). Several stator complexes are associated
with each motor, and each complex apparently can act inde-
pendently to generate torque (4, 6).

Previously, Kato and colleagues reported that deletion of
both PA1460 and PA1461, annotated as motA and motB, re-
spectively, in the P. aeruginosa PAO1 genome (47), resulted in
no loss of swimming motility (28). Studies in P. aeruginosa
4020, a clinical isolate from a cystic fibrosis patient, identified
the rpmA locus, named because it was identified as required
for phagocytosis by macrophages (46). Simpson and Speert
showed that the mutation in rpmA mapped to one of two
putative copies of a mot4 homologue (PA4954); however, this
mutation also had no effect on swimming motility (46). These
data indicated that the role of the stator(s) in P. aeruginosa
might be complicated and differ from that previously reported
for E. coli (32).

Identification and sequence analysis of two putative flagel-
lar stators in P. aeruginosa. Little is known about the function-
ing of the flagellum in P. aeruginosa, despite its importance in
pathogenesis and biofilm formation (26, 38, 43). The organiza-
tion of the flagellar biosynthetic genes in E. coli and P. aeru-
ginosa is very similar (5, 47), but analysis of the P. aeruginosa
genome revealed two sets of genes with the potential to code
for flagellar stators. The published genome of P. aeruginosa
PAO1 (www.pseudomonas.com) includes annotations for the
predicted homologues of the E. coli motA and motB genes,
designated PA4954 and PA4953, respectively. Interestingly,
the P. aeruginosa PA4954 and PA4953 open reading frames are
not in the same chromosomal context as the E. coli motAB
genes, which are found adjacent to genes coding for the che-
motaxis system in E. coli. A BLAST search (1) with the PA4954
and PA4953 sequences against the P. aeruginosa PA01 genome
identified putative homologues of these two genes, PA1460
and PA1461, respectively. At the amino acid level, the PA4954
protein shares 24% identity and 43% similarity with PA1460
(Fig. 1A) and the PA4953 protein shares 26% identity and
39% similarity with PA1461 (Fig. 1B). The PA1460 and
PA1461 open reading frames are located within a large cluster
of che genes designated cluster I (PA1457 to -1465) (14, 27, 28,
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37), with sequence similarity to chemotaxis genes of E. coli (5).
A BLAST search of the genome of P. aeruginosa strain PA14
(GenBank accession numbers NZ_AABQO07000001 to
NZ_AABQO07000005) showed that this strain also has two sets
of genes with sequence similarity to MotAB, and their protein
sequences as well as chromosomal organization are identical to
P. aeruginosa PAOL.

The E. coli MotA protein has a higher percent identity to
PA4954 (42%) than to PA1460 (24%). Similarly, the E. coli
MotB protein has a higher percent identity to PA4953 (38%)
than to PA1461 (27%). Based on their sequence identity and
similarity to the well-characterized E. coli proteins, as well as
the current PAO1 genome annotation, we propose to desig-
nate PA4954 and PA4953 as MotA and MotB and PA1460 and
PA1461 as MotC and MotD, respectively.

A BLAST search with MotA and MotB against all bacterial
genomes available to date (www.ncbi.nlm.nih.gov/sutils/genom
_table.cgi) showed that the MotAB and MotCD proteins can
be found in all sequenced pseudomonads (Fig. 1) as well as in
some other gram-negative bacteria, such as the xanthomonads
(members of the y-subdivision of the proteobacteria, which
includes the pseudomonads and E. coli) and Chromobacterium
violaceum (a member of the B-subdivision of the proteobacte-
ria). In contrast, only the motAB genes, but not the motCD
genes, could be found in E. coli and S. enterica serovar Typhi-
murium (y-subdivision). Yersinia pestis (y-subdivision) and
Burkholderia cepacia (B-subdivision) do not have an apparent
homologue of the MotCD proteins but instead seem to have
two copies of the motAB genes. The genetic arrangement of
the motAB and motCD genes found in P. aeruginosa is also
conserved in all other organisms containing these genes, except
for C. violaceum, in which the motCD genes are not found
adjacent to genes encoding the chemotaxis system. Interest-
ingly, Desulfovibrio vulgaris has four stators, three of which
have different degrees of similarity to MotAB and MotCD
and one which has sequence similarity to the Na™-powered
pomAB-encoded stator of Vibrio spp. (21). A search of the
complete genome of Bacillus subtilis and related Bacillus spp.
revealed two putative copies of stator proteins (34), both of
which shared higher sequence similarity to MotCD than to
MotAB (data not shown). Listeria monocytogenes and Clostrid-
ium spp. appear to be the only other sequenced gram-positive
organisms that have at least two putative copies of stator pro-
teins (data not shown).

A protein sequence alignment performed using the Mac-
Vector software (Accelrys Inc., San Diego, Calif.) showed that
the residues known to be essential in the E. coli proteins MotA
(including Arg90, Glu98, Prol73, and Pro222) and MotB
(Asp32) (8, 33) are present in all putative homologues identi-
fied in this study (data not shown). Our analysis shows that two
putative stator families can be identified in some gram-nega-
tive and gram-positive organisms; however, these data also
suggest that there is no obvious relationship between the pres-
ence of the two stators and a specific bacterial group.

Construction of AmotAB, AmotCD, and AmotAB AmotCD
mutants. To explore the role of the two putative stators in
P. aeruginosa motility, we constructed single and double dele-
tion mutants in the strain PA14 (44). These constructs were
obtained using the following protocol: primer pairs CT30-
CT31 and CT32-CT33 (see Table S1 in the supplemental ma-
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terial) were used to amplify ~1 kb directly upstream of the
start codon of morC (PA1460) and downstream of the stop
codon of motD (PA1461), respectively. Primers CT31 and
CT32 introduced a common restriction site (HindIII) that fa-
cilitated ligation of these two fragments. The resulting ~2-kb
fragment was then amplified by PCR using CT30 and CT33,
which introduced two restriction sites (BamHI and EcoRI)
allowing the cloning of the fragment into pEX18-Gm digested
with these same enzymes (25). The resulting plasmid, pEX18-
motCD, was used to build a deletion of motCD (AmotCD) as
previously described (25). The deletion of the genes coding for
MotA and MotB was obtained following the same protocol
outlined above, with the primer pairs CT25-CT26 and CT27-
CT28. We obtained the double mutant of the putative stators
by following the protocol described above, using the mutant
AmotAB as recipient and the E. coli derivative containing
pEX18-motCD as donor. The presence of each deletion was
then checked by PCR using the following pairs: CT25-CT47
and CT26-CT46 for motAB and CT48-CT50 and CT30-CT49
for motCD. None of the mot mutants had a detectable growth
defect (data not shown). Transmission electron microscopy
(TEM) showed that all mutants had a polar flagellum identical
to that of the wild type (WT) (Fig. 2). The TEM samples were
prepared from liquid cultures. A Formvar-coated copper grid
(Electron Microscopy Sciences, Fort Washington, Pa.) was
placed on the surface of 1 drop (5 p.l) of the cell suspension for
3 min. The grid was then removed and stained for 3 min with
a fresh solution of 1% phosphotungstic acid (pH 7.0). The
negatively stained cells were visualized by TEM (JEM 100 CX
TEM; JEOL USA, Peabody, Mass.).

Characterization of the deletion mutants for flagellum-
dependent swimming and swarming motility on semisolid agar
medium. The flagellum-dependent swimming motility of the
WT and mutants was measured in Luria-Bertani (LB) medium
solidified with 0.3% agar. Plates were inoculated with 5 pl of
an overnight culture of each strain on the agar surface and then
incubated at 30°C for 20 h. Table 1 presents quantitative data
for each of the three mot mutants, the WT strain, and the
flgK mutant (43), which lacks a flagellum. The single mutants
(AmotAB and AmotCD) showed no defect in swimming com-
pared to the WT strain, whereas the double mutant (AmotAB
AmotCD) could not swim under our experimental conditions (Ta-
ble 1). As expected, the flgK mutant was also defective for
swimming motility. These data suggest that the mot4B- and
motCD-encoded proteins are functionally redundant for swim-
ming motility under these experimental conditions.

Recent studies showed that P. aeruginosa is able to swarm in
semisolid environments (31, 45). P. aeruginosa strain PA14
forms a swarming pattern characterized by branches or tenta-
cles spreading from the inoculation point, as shown in Fig. 3.
Swarming behavior in this organism is dependent upon the
flagellum and production of rhamnolipid surfactants (Fig. 3,
right panels). The mot mutant strains produced equivalent
amounts of rhamnolipid surfactants as the WT, as measured
on cetyltrimethylammonium bromide medium by following a
protocol modified from that of Kohler et al. (31), wherein 0.5%
Casamino Acids was provided as the nitrogen source and trace
minerals were omitted.

We tested swarming motility of the mutants by inoculating
5 wl of an overnight, LB-grown culture onto a swarming plate
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FIG. 2. Representative transmission electron micrograph of the WT, AmotAB, AmotCD, and AmotAB AmotCD mutants, showing the presence

of the polar flagellum. Bar, 200 nM.

followed by incubation at 37°C for 20 h. The protocol used for
the swarming plates was modified from that of Koéhler et al.
(31) as follows: M8 medium was supplemented with 0.2%
glucose, 1 mM MgSO,, and 0.5% Casamino Acids. Swarming
motility is traditionally observed in plates containing 0.4 to 2%
agar, depending upon the organism (20). Swarming motility
plates were prepared the same day of their use and, after
solidification of agar, were dried for 5 min under sterile air and
inoculated. Here, various agar concentrations between 0.4 and
0.8% were tested, and these data are presented in Table 2 and
Fig. 3.

The AmotAB mutant is able to swarm as well as the WT in
agar concentrations up to 0.7%. P. aeruginosa PA14 does not
swarm in medium containing greater than 0.7% agar, and
swarming is decreased at these high concentrations even for
the WT. In contrast, the AmotCD mutant can swarm to a de-
gree comparable to that of the WT in a relatively low agar
concentration (0.45%), but not at higher concentrations tested
(above or equal to 0.5%). The double mutant AmotAB
AmotCD is not able to swarm under any of the conditions
tested. As expected, the flgK mutant, which lacks the flagellum,
and a rhamnolipid mutant are unable to swarm. These data
indicate that the MotAB and MotCD proteins are not com-
pletely functionally redundant for swarming motility.

In some organisms swarming motility is associated with cell
elongation and the elaboration of lateral flagella (16, 39).
Phase-contrast images acquired with OpenLab software were
used to determine the length of the cells, and only a small
difference was seen for the WT cells at the center of the swarm
(2.77 £ 0.62 pm [mean * standard deviation]; n = 96) versus
the edge of the swarm (3.47 = 0.64 pm; n = 116). Further-
more, the sizes of the cells in the center and edge of the swarm
were determined to be similar to those of the WT for the
AmotAB (center, 2.75 = 0.57 pm, n = 145; edge, 3.28 = 0.59
pm, n = 140), AmotCD (center, 2.56 = 0.59 pm, n = 175; edge,

3.39 = 0.68 pm, n = 146) and AmotAB AmotCD (center,
2.76 = 0.57 pm, n = 164; edge, 3.37 = 0.56 pm, n = 134)
strains. This difference in cell length between cells at the edge
and the center of the swarm was similar to that observed for
cells grown planktonically in M8 medium when measured in
stationary phase (2.45 = 0.43 um, n = 138) versus exponential
phase (3.48 = 0.66 wm, n = 139), suggesting that the smaller
cells at the center of the swarm were nutrient limited. Similar
results regarding the size of the cells were observed by TEM
(data not shown), and no lateral flagella were observed for
P. aeruginosa PA14, as reported previously for strain P. aerugi-
nosa PAO1 (31, 45). Finally, no Na*-stimulated motility was
observed with 1% tryptone medium (data not shown), as de-
scribed previously (30) and as has been shown for organisms
with Na*-powered stators (2, 18, 40, 42), suggesting that mo-
tility in P. aeruginosa PA14 is not powered by this ion.
Measuring motility in liquid medium. We assessed swim-
ming motility microscopically at room temperature, as de-
scribed elsewhere (8), in 3 and 15% Ficoll (Sigma Chemical,
St. Louis, Mo.). Approximately 50 cells were measured for
each strain at each Ficoll concentration. Swimming speed was
calculated in micrometers per second from time-lapse images

TABLE 1. Swimming and twitching motility*

Zone diam (mm)

Strain
Swimming Twitching
WT 35320 19.6 £ 0.5
AmotCD 322+1.7 16.2 £ 0.8
AmotAB 33715 17.4 = 0.9
AmotABAmotCD 5.7*0.8 16213
flgK::Tn5 5.6 £ 0.6 178 £ 0.4

“ Motility was determined by measuring the diameter (in millimeters) of the
zone of expansion from the point of inoculation. The standard deviation was
determined from five different experiments.
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0.45% agar
AmotAB

AmotAB AmotDC

AmotCD
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0.50% agar

AmotAB AmotDC

rhiAd::Tn5

FIG. 3. (Left) Swarming motility of the WT strain as well as the single mutants AmotAB and AmotCD and the double mutant AmotAB AmotCD
on plates containing 0.45% agar. (Right) The swarming phenotype of these same strains plus the nonflagellated figK and non-rhamnolipid-
producing rhlA mutants was assessed on 0.5% agar. See Table 2 for quantitative data.

captured on a Leica DM IRB inverted microscope (Leica Mi-
crosystems, Wetzlar, Germany) equipped with a charge-cou-
pled device digital camera and a 63X PL Flotar objective lens
and using a G4 Macintosh computer with the OpenLab soft-
ware package (Improvision, Coventry, England). These data
are summarized in Fig. 4.

At 3% Ficoll, a relatively low-viscosity solution, the WT
swam at 38.3 £ 8.2 pm/s, a speed indistinguishable from that
of the AmotAB (35.2 = 10.9 pm/s) and AmotCD (37.8 = 9.2
wm/s) mutants. At 15% Ficoll, a relatively high-viscosity solu-
tion, the WT moved at a speed of 7.93 * 3.3 um/s, a speed
slightly faster than that of the Amot4B mutant (6.93 = 3.5
wm/s) but within the experimental error. The AmotCD mutant
was completely nonmotile under these conditions. As ex-
pected, the AmotAB AmotCD mutant was nonmotile under all
conditions tested.

Complementation analysis. We performed complementa-
tion analysis of the AmotAB AmotCD mutant. The motAB and
motCD genes were cloned under the control of the P,,. pro-
moter in vector pMMBG66EH (17). Primer pair CT57 and CT64
(see Table S1 in the supplemental material) were used to
amplify the motAB genes. The motCD genes were amplified
with the CT61 and CT63 primers. The PCR fragments were
cloned in pMMBO66EH using the enzymes HindIII and EcoRI

(introduced by primers CT57 and CT61 and primers CT64 and
CT63, respectively), resulting in the plasmids pMMB66EH-
motAB and pMMBO6EH-motCD. These plasmids, as well as
the pMMBG66EH vector, were introduced into the AmotAB
AmotCD double mutant by conjugation, and the resulting
strains were tested for swarming motility. The AmotAB
AmotCD/pMMB66EH-motCD strain swarmed (31.8 £ 2.5
mm) to a degree comparable to that of the WT (42.2 = 4.2
mm) on 0.5% agar supplemented with 0.25 mM isopropyl-B-
D-thiogalactopyranoside (IPTG) to induce the P,,. promoter.
No complementation was observed in the absence of IPTG.
The pMMBO66EH-motCD plasmid also partially complement-
ed the swimming defect of the AmotAB AmotCD mutant (data
not shown). As expected, the AmotAB AmotCD mutant and the
AmotAB AmotCD mutant carrying the pMMBG66EH vector did
not swarm or swim.

The AmotAB AmotCD/pMMB66EH-motAB strain (which is
functionally a AmotCD mutant) did not swarm on 0.5% agar
(as expected) or 0.45% agar. However, the swarming motility
of a AmotAB strain (which is capable of swarming [37.2 *
4.8 mm])) is completely inhibited by the introduction of the
PMMB66EH-motAB plasmid with or without added IPTG
(6.0 = 0.0 mm). Introduction of the pMMBG66EH vector had
no effect on swarming of the AmotAB strain (31.3 = 3.0 mm).

TABLE 2. Swarming motility*

Maximal expansion (mean * SD) in
agar concn of:

Strain

0.45% 0.5% 0.6% 0.7% 0.8%
WT 424 +25 45.0 £ 2.5 29.5 £23 8.5+ 1.7 8§+t1.4
AmotCD 432 +29 6.3 + 0.6 7.3 +0.6 57+1.2 53+0.6
AmotAB 41325 429 £22 21.9 £43 7.5 +0.7 55+0.7
AmotABAmotCD 4.8 +0.5 7.7*x12 6.3 = 0.6 53+0.6 55+0.7
flgK::Tn5 6.7 £ 0.6 6.3 = 0.6 6.7 = 0.6 55+0.7 55%0.7
pilB::Tn5 424+ 3.1 458 =3.2 25.7 3.5 NT NT

“ Shown is the maximal swarming expansion in M8 medium with different agar concentrations. For the swarming-positive strains, values were determined by
measuring (in millimeters) 10 of the longest tentacles per plate (from three plates). For the swarming-negative strains, values were determined by measuring the radius
(in millimeters) of the growth at the inoculation point (from three plates). NT, not tested.
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FIG. 4. Swimming motility of the WT and mot mutants was mea-
sured microscopically at 3 and 15% Ficoll in M63 minimal medium
supplemented with 0.2% glucose. Swimming speed was measured in
micrometers per second and was determined from the analysis of ~50
cells per strain per condition. An asterisk indicates that a strain was
nonmotile under the conditions tested.

These data suggest that introduction of the MotAB stator in
multicopy can inhibit swarming. Previous studies in E. coli also
suggested that stator function is sensitive to copy number (48).

The MotAB and MotCD proteins are not required for twitch-
ing motility in P. aeruginosa PA14. We tested the single and
double mot mutants for twitching motility in order to deter-
mine whether the deletion mutations had an effect on the func-
tion of the TFP. To measure twitching motility, we used thin
LB plates prepared with 1.5% agar, as reported previously
(43). The twitching zone was measured as the diameter (in
millimeters) of the expansion of the cells from the inoculation
point at the plastic-agar interface after incubation for 16 h at
37°C and then for 24 h at 25°C. The results presented in Table
1 show that no defect in twitching motility could be observed
for any of the strains.

We also showed that the TFP are not necessary for swarming
in P. aeruginosa PA14 (Table 2). In addition to testing the pilB
mutant (43), we showed that mutations in pil4 (38 = 4.0 mm),
pilY1 (28.4 = 2.2 mm), pilO (35.3 = 5.9 mm), and pilU (39.8 =
4.1 mm) have no effect on swarming motility on 0.5% agar in
M8 medium. Similar results were obtained in LB medium and
Difco medium supplemented with 0.5% glucose (data not
shown). These independently isolated TFP mutations map to
four different gene clusters coding for TFP proteins. There-
fore, we can conclude that TFP are not required for swarming
motility in P. aeruginosa PA14. These data are in accordance
with those of Rashid and Kornberg (45), but in contradiction
to the results of Kohler et al. (31). The reason for the pheno-
typic difference in the Kohler et al. report is unclear (31).

Conclusions. In this study we identified two putative sets of
stator proteins in P. aeruginosa by sequence analysis which are
conserved among several gram-negative bacteria, including all
sequenced pseudomonads. One pair of proteins was desig-
nated MotAB (PA4954-4953) based on the current annotation
of the P. aeruginosa PAO1 genome and on the sequence sim-
ilarity of the P. aeruginosa PA4954-4953 proteins to the well-
characterized E. coli stator proteins MotAB, including the con-
servation of key residues essential for stator function. The
second putative stator was designated MotCD (PA1460-1461)
based on its lower degree of sequence similarity to MotAB.
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The phenotypic analysis of the deletion mutants demonstrated
that the MotAB and MotCD proteins are functionally redun-
dant for swimming, as well as for swarming in relatively low
agar concentrations. However, under higher agar concentra-
tions, the AmotrCD mutant is unable to swarm. The double
mutant lacking both motAB and motBC can neither swim nor
swarm under any conditions tested, but still makes a flagellum.
The plate-based motility assay results were confirmed by mea-
suring swimming speed microscopically. Based on their se-
quence similarity to the E. coli MotAB proteins and their role
in flagellum-mediated motility, we conclude that the MotAB
and MotBC proteins are stators that play a role in flagellar
motor function for both swimming and swarming motility.

The fact that the motCD mutant, but not the mot4B mutant,
has a phenotype with respect to swarming suggests that these
two stators may have different roles in swarming motility. In a
series of elegant studies in E. coli, a mot mutant strain could be
complemented by the inducible expression of the MotAB pro-
teins, suggesting that the stators could be the last component
assembled into the flagellar machinery (4, 6, 32). Furthermore,
the motAB genes in Salmonella are part of the so-called late
flagellar genes (35), consistent with the idea that MotAB are
incorporated into the flagellum late in biosynthesis. Therefore,
although the exact timing of Mot protein insertion is not
known, it is possible that P. aeruginosa assembles its flagellar
motor de novo and/or reconfigures it with either MotAB sta-
tors or MotCD stators (or a mixture of both) depending upon
its particular needs. Future studies will address expression and
stability of the Mot proteins to better understand how and
when the stators are utilized in swimming and swarming mo-
tility by P. aeruginosa.
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